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Introduction
Laser cladding by blown powder or wire feeding can deposit a layer of material onto the surface of a similar or dissimilar base material (or substrate) to produce a metallurgically sound and dense clad. In the last 20 years, many relevant applications have been reported [1] [2] [3] , the majority of which, can be divided into two areas: (1) laser cladding to deposit high-performance material on high-value component or tooling made by different base material to enhance its local (or entire) surface properties, such as the resistance against corrosion, wear, or high-temperature oxidation, etc.; the component or tooling made by the above hybrid materials can provide an overall mechanical performance which no single material can provide and in addition, they often can save overall costs of raw materials and manufacturing process by allowing optimal material to be used in needed location(s), and (2) laser cladding (or laser cladding base free-form fabrication) to repair or restore original geometries and functionalities of a worn or damaged high-value component or tooling and sometimes, to restore undersized expensive material due to machining or grinding errors. It is no doubt that other alternative processes are also available for the similar applications such as TIG welding, thermal spraying, gas dynamic spraying (GDS), e-beam deposition and others. Considering various factors relevant to the costs of materials, equipment and manufacturing processes, and the quality of deposited materials, laser cladding has demonstrated some unique advantages over others: it can produce metallurgically sound and dense clad layer using a relatively low heat input which minimizes the distortion of the component or tooling being deposited; it produces metallurgical bond between the clad layer and the substrate; and it can control the dilution of cladding material into the substrate to reduce undesired deterioration of mechanical properties of the base material. The National Research Council's Industrial Materials Institute (NRC-IMI-London) has been developing laser cladding base processes for more than a decade, targeting at automotive, aerospace and other manufacturing industrial applications [4] [5] [6] [7] [8] .
The objective of present research aims at laser cladding to deposit AISI P20 tool steel onto pre-hardened wrought AISI P20 substrate for the purpose of repairing and restoring damaged tooling. The P20, a kind of low carbon tool steel containing chromium and molybdenum alloying elements, is commonly used for making plastic injection molds. The P20 tool steel is thermally hardenable through proper heat treatments [9] , providing a reasonably good wear and corrosion resistances. The plastic injection molds made by P20 tool steel, however, still frequently require some forms of repair by welding [10] because of the damages/worn-out in the molds, the errors in machining or the changes in design required during manufacturing. Laser cladding has been identified as a promising 0921 process for repairing and restoring original dimensions and functionalities of those molds to extend their service life and in addition, for enhancing or re-configuring existing molds for their subsequent re-use, to substantially reduce their through-life costs [11] .
Nevertheless, it should be realized that laser cladding of tool steels, in spite of relatively low heat input, still need melt a small portion of base material (or substrate) along with cladding material, which would introduce certain amount of residual stresses in both clad and substrate. It is well known that residual stresses, defined as intrinsic self-equilibrating stresses, exist without external forces. They arise as consequences of various thermal treatments, which cause thermal gradients and phase transformations, as well as of thermo-mechanical processing, which causes local elastic or plastic deformation [12] . For laser cladding process, in general, the major causes of process-induced residual stresses in a clad layer are ascribed to two effects [11, [13] [14] [15] : (1) thermal mismatch among the clad, the heat-affected zone (HAZ) and the unaffected cold substrate when a clad cools after it re-solidifies, and/or (2) solidstate-phase-transformation induced volumetric change in the clad and the underneath HAZ of the substrate when the clad cools after it re-solidifies. In most cases, tensile residual stresses may arise in the clad, which cause potential cracking within the clad and/or the substrate, and adversely affect ultimate mechanical performance (such as fatigue strength or resistance to stress corrosion) and dimensional stability (i.e., distortion) of the base material being deposited. Even so, it could still be expected that this problem could be lessened or resolved by various approaches, such as optimizing processing parameters, creating an interlayer to minimize the thermal mismatch between the clad and the substrate, preheating the substrate during cladding, or performing post-cladding stress-relieving treatments, etc. [16, 17] .
To have a comprehensive understanding on the nature of residual stresses in the clad and their controllability will be beneficial to the development of laser cladding process and the improvement of in-service mechanical performance of the base material being deposited (here it is referred to the plastic injection molds made by P20 tool steel). The residual stresses, however, could not be measured directly, but only deduced from the measured strains by using elastic constants. Moreover, to quantify these stresses within a clad layer is not always straightforward. Generally, numerical simulation and modeling are popular approaches in predicting residual stresses in the clad layer [18] [19] [20] , but those predictions require comprehensive knowledge of thermo-physical and thermo-mechanical properties of the materials and their evolution as a function of temperature, which are not always available to the investigators. Moreover, extensive experiments are still required to validate those theoretical predictions. Nevertheless, experimental studies of process-induced residual stresses are still the most adopted approaches in laser cladding [21] [22] [23] [24] [25] [26] . Existing measurement techniques can be divided into mechanical stress relaxation methods (such as hole-drilling) and nondestructive methods (such as X-ray and neutron diffraction), which are based on the relationship between physical or crystallographic parameters and residual stresses [27] . The hole-drilling method can be used to determine average stress level in a clad layer, which measures relieved strains by the frozen residual stresses surrounding a hole being drilled on the surface of the clad, but the sensitivity of the measurement rapidly declines with increasing the depth of the hole. X-ray and neutron diffraction methods are based on the measurement of lattice strains by studying the variations in crystal lattice parameters of a polycrystalline material: the first method measures the residual strain on the near-surface of the material; and the second one measures the residual strain within a volume of the sample. Since X-ray diffraction technique is limited to sample the near-surface information, and mechanical/electrochemical layer removal is required to obtain the through-thickness information on the clad and sub- [28] , while this type of preferred crystallographic orientation in the clad indeed arises some concerns during X-ray diffraction measurement using conventional sin 2 method [29] . It is understood that an appropriate choice of adequate techniques depends on specimen related features and spatial resolution required for the measurements. This paper presents an experimental study on process-induced residual stresses in laser clad AISI P20 tool steel onto pre-hardened wrought P20 base material (or substrate) and their correlation with microstructure evolution. Since the hole-drilling method (ASTM E837-95) is relatively accessible, only overall values of the residual stresses are provided in the clad; while the neutron diffraction can provide profiles of residual stresses across the clad and substrate, both methods were employed in the current comparative investigation. X-ray diffraction (XRD), scanning electron microscope (SEM) and microhardness tester were used to study the microstructures in the laser clad P20 tool steel. Combined with the above experimental analyses, the roles of solid-state phase transformations in the clad and HAZ of the substrate on the development and controllability of residual stresses in the clad have been discussed, and the results thus obtained could be used to effectively repair damaged plastic injection molds made by P20 tool steel.
Experimental

Cladding and substrate materials
The commercial Micro-Melt ® P20 tool steel powder manufactured by Carpenter Powder Products Inc. (Bridgeville, PA) was used as cladding material. The powder was spherical in shape with a size range of 44-63 m(−230/+325 mesh). Wrought AISI P20 tool steel plate with a thickness of about 10 mm, was used as a substrate for laser cladding. Prior to cladding, the base material was austenitized at 845 • C, and then quenched into the water and subsequently, tempered at 205 • C for 2 h. The surface of the P20 substrate was grounded and degreased with acetone in order to maintain a consistent absorption of laser beam during cladding. The chemical compositions of the P20 tool steel powder and substrate are listed in Table 1 .
Laser cladding process and post-cladding stress-relieving treatments
The laser cladding process with injecting powder feedstock, illustrated in Fig. 1a , was used for the current study. The experimental setup employed a 3 kW continuous wave (CW) CO 2 laser (model: GE Fanuc C3000), a precision powder feeder (model: Mark XV-RC), and a computer numerically controlled (CNC) motion system. Both laser focusing optics and powder feeding nozzle were mounted on the z-axis of the CNC motion system while a hardened P20 substrate was clamped on the x-y motion table. Laser cladding was carried out in a glove box filled with argon to maintain an oxygen level below 50 ppm. In addition, the argon was also used as a carrying gas for the delivery of the P20 powder and a shielding gas for the laser optics during the process.
During laser cladding, a 190 mm focal length lens was used to focus a laser beam onto a substrate to create a melt pool (∼3mmin diameter) along with the melting of injected powder delivered at a feed rate of 10-15 g/min. With a traversing speed of 7-12 mm/s, a track of the molten material was deposited onto the substrate and rapidly solidified to form a clad bead that was metallurgically bonded to the substrate. By re-melting a portion of the preceding clad track and the substrate, along with injected powder, the second clad bead was deposited neighboring to the first one. Repeatedly, the first layer of the clad was formed by multiple partially overlapped clad tracks. Subsequent layers can be further deposited onto the previous layers whereby they were effectively the new substrate. For the current study, the specimens with three clad layers were produced with a total thickness of about 1.5 mm, where the nominal clad coverage used for the neutron diffraction measurement (see the large specimen on the left side of Fig. 1b ) is about 50 mm × 50 mm and the one used for the feasibility study of postcladding heat treatments (see the relative small specimen on the right side of Fig. 1b ) is about 18 mm × 50 mm. In order to investigate the role of post-cladding stress-relieving treatments on the laser clad P20 tool steel, tempering was performed on the clad spec-
, and 538 • C (1000 • F) for 1 h, respectively.
Microstructure characterization
After the process, laser clad P20 plates were mechanically cross-sectioned, polished and chemically etched for metallographic study. The morphology of the clad was observed using an Olympus optical microscope (OM) while its microstructure was studied using a Hitachi S-3500 variable pressure scanning electron microscope (VP-SEM) along with an Oxford energy dispersive spectrometer (EDS). The phases presented in the clad were identified using a Philips X'Pert X-ray diffractometer (XRD) with a graphite-monochromatic CuK˛radiation ( = ∼1.54Å). Two pairs of diffraction peaks ␣{200}-␥ ′ {200} and ␣{211}-␥ ′ {200} were selected for measuring their relative intensities in which the ␣ and ␥ ′ represent martensite and retained austenite, respectively, in the clad. Since the quantity of the carbides in the laser clad P20 specimens was low and difficult to be determined, in this case, the amount of the carbide in the clad was neglected, and the volume fractions of the ␣ and ␥ ′ phases in the clad could be approximately estimated by their respective X-ray diffraction intensities using conventional "direct comparison" method [30] .
The hardness of the clad and substrate were measured using a Rockwell hardness testing system (model: ME-2, NewAge Industries Testing Instruments Division, Willow Grove, PA). Any hardness data reported here were statistic averages of at least five measurements. The microhardness profiles across the clad and substrate were measured on a microhardness tester (model: MicroMET II, Buehler Ltd., Lake Bluff, IL) using a Vickers indentor with 0.2 kg normal load applied for 15 s.
Residual stress determination
The surfaces of laser clad P20 specimens were grounded prior to hole-drilling and neutron diffraction measurements.
Hole-drilling method (ASTM E837-95)
Hole-drilling strain-gage method as per ASTM E837-95 was used to measure residual stresses in a clad layer. The measurements were conducted by using an RS-200 milling guide and a strain measurement system (model: 5000, Vishay Intertechnology, Inc., Raleigh, NC). A special strain gage rosette (type: TEA-06-062RK-120) was glued on the surface of the clad specimen where the relieved strains were to be measured. A high-speed air turbine mill with a carbide cutter was used to drill a flat-bottom hole at the centre of the rosette, while the relieved strains in the vicinity of the hole were measured by the strain gage rosette. The residual stresses were then deduced using ReStress ® software supplied with the system. The stresses thus obtained reflect the local average values in the clad across a depth of about 0.6 mm from the clad surface, even though the actual residual stresses are non-uniform through the thickness of the clad. The modulus used in the deduction of residual stresses in the P20 clad is 210.3 GPa [9] .
Neutron diffraction method
Spatially resolved neutron diffraction measurements of strain in laser clad P20 specimens were conducted by using the L3 neutron diffractometer (Fig. 2a ) located at National Research Council's Canadian Neutron Beam Centre (NRC-CNBC, Chalk River, ON, Canada). A monochromatic neutron beam with a nominal wavelength () of ∼1.54Å, was obtained from the (1 1 5) reflection of a germanium (Ge) single crystal. For the measurement of "as-clad" P20 specimen, strains were obtained using its martensite {112} reflection, with a nominal Bragg angle of ∼83.9 • for this wavelength. The size and shape of the incident and diffracted neutron beams were (Fig. 2b) .
The strain measurements were carried out through the thickness of the clad and substrate in an "as-clad" P20 specimen, such that the scan path of scattering volume coincides with face-centre of the clad specimen. Calculations of the stresses were carried out by using elastic constants E {112} = 223 GPa, and {112} = 0.27 that were deduced from the single crystal elastic constants of ferrite [31] using the method of Hauk and Kockelmann [32] . Stresses were obtained from the direction along the laser cladding denoted as L, the direction transverse to the laser cladding denoted as T and the normal to the surface of the clad defined as N (Fig. 1b) .
Results and discussion
"As-clad" P20 tool steel
In this section, "as-clad" P20 specimens refer to those used for the neutron diffraction measurements with a nominal clad coverage of about 50 mm (L) × 50 mm (T).
Microstructure and phases
The processing parameters for laser cladding of P20 tool steel have been optimized to produce metallurgically sound and dense clad. No cracking and a few porosities were observed within the clad, but all clad specimens showed slightly bent surface, presenting a concave profile toward the clad surface.
The XRD pattern reveals that "as-clad" P20 specimen contains a large amount of martensite (␣) plus a small amount of retained austenite (␥ ′ ) (Fig. 3a) . For comparison, the XRD pattern of P20 tool steel powder was also included in that figure. Nevertheless, any diffraction peaks associated with the carbides in the P20 clad could not be observed within the current resolution. The relative volume fraction of the retained austenite in the "as-clad" P20 clad is about 9.2 vol.% on average. Fig. 3b presents SEM micrograph of the cross-sectioned P20 specimen in "as-clad" condition, where its microstructure can be characterized as columnar dendritic structure with different orientations. The statistic average of the primary dendritic arm spacing (DAS) is about 7 m. The refined microstructure implies that the clad material experienced a relatively rapid solidification during cladding, which could be beneficial to the improvement of resultant mechanical properties of the clad material. Fig. 4a presents a microhardness profile across the thickness of an "as-clad" P20 specimen, where the solid line marks an interface between the clad and the substrate before laser cladding. After cladding, a mixture of the cladding material and substrate created a penetration zone between the solid and dash line. Measured with an optical microscope, the thickness of the clad and the depth of the penetration zone for the P20 clad specimen are about 1.42 and 0.1 mm, respectively. The average microhardness of the clad and the bulk substrate have no obvious difference: about 454 and 451 HV, respectively. There is a decrease in the microhardness at the penetration zone and the surrounding heat-affected zone (HAZ) in the substrate (their total width is estimated to be about 2 mm): about 384 HV.
Through-thickness profile of microhardness
Compared to the original low-tempered martensite (␣ ′ )i nt h e P20 substrate, the resultant microstructure at the HAZ is mediumor high-tempered martensite due to self-tempering, which has been confirmed in both neutron diffraction measurement and microhardness testing. Fig. 4b illustrates the through-thickness profiles in the variation of diffraction peak width (expressed as the full width at half-maximum height, FWHM) in the "as-clad" P20 specimen. A reduced FWHM was observed in the HAZ nearby the interface. It is understood that the crystal structure of martensite is tetragonal close-packed, the degree of tetragonality (normally characterized by the "c/a" ratio) is directly correlated with carbon concentration within the martensite, and diffraction peaks of the martensite are systematically broader than those observed in ferrite due to overlap between variants of the martensitic crystal lattice reflections (in the present case, {112}, {121} and {211}). Thus, the reduced FWHM implies a loss of tetragonality induced by carbide precipitation in the original low-tempered martensite at the HAZ. Moreover, a larger decrease in the FWHM corresponds to a greater loss of carbon concentration in the original low-tempered martensite, which, in return, indicates that the microstructure has been gradually evolved into medium-or high-tempered martensite. On the other hand, as stated before, the through-thickness profile in the microhardness of the "as-clad" P20 specimen reveals that as compared with the original substrate, the HAZ experienced a reduction in its microhardness, which also indicates the presence of a substantial self-tempering during cladding. Hence, both neutron diffraction and microhardness measurement have reached the same conclusion. 
Through-thickness profiles of residual stresses
Fig . 5 illustrates the through-thickness profiles of residual stresses in an "as-clad" P20 specimen measured by neutron diffraction, in which the L represents the stress in the direction of laser cladding and the T in the direction transverse to the laser cladding while the N normal to the surface of the clad layer. Through examining the stress profiles, three distinct regions can be found within the clad specimen. The first region closest to the surface of the clad with a depth of about 1.4 mm (but still within the clad) indicates the presence of biaxial compressive residual stresses with its maximum value of around 260 MPa at a depth of 0.4-0.6 mm from the surface of the clad. The stress is tensile in the normal direction of the clad specimen. The interface of the second region appears as a sharp stress gradient at a depth of about 1.4 mm from the surface of the clad, where the sign of the in-plane stress switches from the compression to the tension. From the optical examination of the P20 clad specimen, the location of this stress gradient corresponds approximately to the interface between the clad and the substrate marked by the solid line in that figure. Large biaxial tensile stresses are observed within this region with a depth of about 2 mm, while compressive stress exists in the normal direction. Immediately after the second region, which is at a depth of 3-3.5 mm from the clad surface, a third distinct region is observed where the sign of the in-plane stresses switches again from the tension to the compression, and beyond this region the profile varies smoothly from the compression to a state of near zero stresses at the rear surface of the clad specimen. The overall residual stress profiles appear to be reproducible from another P20 clad specimen produced with identical processing parameters. This indicates that the present laser cladding process has a good repeatability.
Comparatively, the residual stresses ( L and T ) measured through hole-drilling method in the same specimen are −241 ± 29 and −229 ± 62 MPa, respectively. The conventional method confirms that biaxial compression exists in the "as-clad" P20 specimen. It should be noted that in the current case the residual stresses determined through the hole-drilling method only represent average across a depth of about 0.6 mm from the surface of the clad, while the neutron diffraction reveals the depth profiles of residual stresses across the clad and substrate.
Residual stress analysis
The development of residual stresses in a clad during laser cladding is a complex process which not only depends on thermal effects generated by the laser beam but also on temperaturedependent physical and mechanical responses of the materials involved. There are two main origins of residual stresses in the P20 clad. The first source comes from thermal shrinkage in the clad that is constrained by the cold substrate as the clad cools after it re-solidifies, generating tensile residual stresses in the clad. The second source comes from "austenite-to-martensite" transformations (␥ → ␣ and ␥ ′ → ␣ ′ ) occurred in the clad, once again, when the clad cools after it re-solidifies, generating significant amount of volumetric expansion in the clad, which could partially or entirely cancel, or even exceed the thermal-shrinkage-induced volumetric contraction in the clad and consequently, could reduce the magnitude of the tensile residual stresses, or even result in compressive residual stresses in the clad instead.
Regarding effects of phase transformation on volumetric change in a clad, it should be noted that a typical martensitic transformation (␥ → ␣) is usually unable to transform all high-temperature austenite (␥) into martensite (␣) and consequently, a certain amount of retained austenite (␥ ′ ) would remain in the clad at the room temperature after cladding. The presence of the retained austenite which has less specific volume as compared to the martensite, however, adversely affects any efforts to reduce the magnitude of tensile residual stresses induced by thermal shrinkage in the clad. Fortunately, the retained austenite is thermally unstable and could subsequently be transformed into tempered martensite (␣ ′ ) if a tempering is applied in the clad. In reality, some of the retained austenite remained in the "as-clad" P20 layer was indeed transformed into tempered martensite (i.e., ␥ ′ → ␣ ′ ) since the clad specimen would be inevitably subjected to repeatedly reheating during laser cladding process. As described in Section 2.2, during cladding, a portion of previously deposited layer was always re-heated by subsequently deposited layer. If the dimensions of the substrate are not large enough to ensure its effectiveness as a "heat sink", the accumulated heat in the whole clad specimen may eventually induce a "self-tempering" on the clad. For the current "as-clad" P20 specimen used for the neutron diffraction study, the thermal mass of the P20 clad layer accounts for about 6.2% of total mass of the clad specimen. It was, in fact, observed that after cladding the clad plate became very hot. The heat, in varying degree, contributed to the self-tempering in the clad, which produced tempered martensite, partially at the expense of the retained austenite. The experimental results have shown that the overall volumetric expansion induced by the phase transformations (␥ → ␣ and ␥ ′ → ␣ ′ ) has changed the sign of the resultant residual stresses in the clad from the tension to the compression.
Heat-affected zone (HAZ) in the substrate may also have significant effects on the distortion and the resultant distribution of residual stresses within a clad specimen. Pilloz et al. [13] studied process-induced residual stresses in laser cladding of nickel-based alloy on low carbon steel XC10; while Dubourg et al. [14] investigated Al50Si alloy cladding on 5052 aluminum substrate. By using a proposed phenomenological model (or block model) [13] , both papers concluded that in addition to the clad and unaffected cold bulk substrate, the HAZ plays an important role in the resultant distribution of residual stresses in the clad specimens through thermal shrinkage [14] and/or volumetric change induced by solid-state phase transformations [13] when both clad and HAZ cool, which determines the final distorted shape of the clad specimens. In our case, both clad and substrate is made up by the same P20 material, and their coefficients of thermal expansion (CTEs) are almost identical. In addition, not only the clad but also HAZ experienced a solid-state martensitic transformation when the clad and HAZ cool. Hence, based on the observation on the distortion of the laser clad P20 plate along with our residual stress measurements, we propose the following mechanism to explain effects of the clad and HAZ on the distortion and residual stress distribution in our clad specimen.
During cladding, a melt pool was created, which also heated up a portion of underneath P20 substrate to form a HAZ. At a region of the HAZ directly beneath the melt pool, its prior low-tempered martensite (␣ ′ ) would be re-austenitized to form high-temperature austenite (␥) while the prior low-tempered martensite in a region of the HAZ further away from the melt pool would be tempered in a varying degree, depending on their local temperatures. Thus, as the melt pool solidified to form the clad and continued to cool but prior to its martensitic transformation temperature (M s ), a simultaneous thermal shrinkage in the clad and re-austenitized region of the HAZ would generate global tensile stresses due to the constraint brought by the unaffected cold substrate. On the other hand, the volumetric shrinkage also occurred at the rest of the HAZ due to severe tempering, causing the prior low-tempered martensite to be de-composited into the medium-or high-tempered martensite along with carbide precipitation. This would lead to tensile stresses at that region too. The tensile stresses in the clad and the entire HAZ would be balanced by the compressive stresses in the unaffected cold substrate. As a result, the clad specimen would show a concave shape if the substrate was not thick enough to resist the distortion (see Fig. 6a ).
However, the clad experienced a martensitic transformation (␥ → ␣) to form quenched martensite (␣) plus retained austenite (␥ ′ ) once the clad specimen cooled down to below its M s and subsequently, the quenched martensite and some of the retained austenite would be de-composited into the lowtempered martensite (i.e., ␣ → ␣ ′ and ␥ ′ → ␣ ′ ), when subjected to a repeated self-tempering, expanding its volume. Meanwhile, the reaustenitized region of the HAZ almost simultaneously experienced similar types of phase transformations (i.e., ␥ → ␣, and then˛→ ␣ ′ plus ␥ ′ → ␣ ′ ), and also changed its volume within that region. As compared with the original low-tempered martensite in the substrate, the resultant microstructure in the entire HAZ has actually developed into the medium-or high-tempered martensite due to such kind of thermal effects (see the discussion in Section 3.1.2), causing an overall volumetric contraction instead. As a result, the volumetric expansion in the clad, constrained by the contracted HAZ, added certain amount of compression into the existing tension in the clad while the contracted HAZ, restricted by the surrounding clad and unaffected cold substrate, accordingly added more tension into the existing tension in the HAZ. Moreover, the overall martensite-transformation-induced volumetric change in the clad would be much more than that occurred in the HAZ. This finally reversed the sign of the resultant residual stresses in the clad from the tension to the compression while the residual stresses in the HAZ generated much higher tension instead. Furthermore the compressive stresses would still remain in the unaffected bulk substrate due to no presence of any solid-state phase transformation (although minor self-adjustment may occur to balance the stresses within the clad and HAZ). Finally, the magnitude of volumetric expansion in the clad might not be large enough to restore the concave shape back to flat but could reduce certain amount of distortion in the clad specimen (see Fig. 6b ). 
"Heat sink" effect and post-cladding stress-relieving treatments
It has been observed that even the same clad material produced with the same processing parameters but different amount of clad coverage and size of substrate could generate different magnitude and sign of residual stresses in "as-clad" specimen. Either tensile or compressive stresses are possible because different processinduced cooling rates could produce quite different amounts of retained austenite (␥ ′ ), and different magnitude of self-tempering in the clad and HAZ.
In the following study, the P20 clad specimens with the nominal clad coverage of 18 mm (L) × 50 mm (W) were used to investigate effects of post-cladding stress-relieving treatments on residual stresses in the clad. The clad coverage of these specimens accounts for almost 36% of the total clad coverage of those used for the neutron diffraction investigation. Consequently, the resultant microstructure and microhardness in both "as-clad" P20 specimens show noticeable differences. For a relative volume fraction of the retained austenite (␥ ′ ) in the clad: the former contains about 13 vol.%, which results in tensile residual stresses in the clad (see Fig. 7 ); while the latter contains about 9.2 vol.%, which, in return, generates compressive residual stresses in the clad (see Fig. 5 ). For the microhardness in the clad, the former is about 500 HV; while the latter is about 454 HV. Both HAZs in the substrate show similar low microhardness (∼380 HV) due to severe self-tempering effect. These findings implicate that the substrate has "heat sink" effect, and its effectiveness could particularly affect the resultant residual stresses in the clad plates.
A series of post-cladding stress-relieving treatments (or tempering) have been conducted on the above specimens with less amount of clad coverage. In Fig. 8 , prior to any tempering, the average microhardness in the "as-clad" layer, HAZ and unaffected substrate are about 500, 380, and 440 HV, respectively. Immediately after tempered at 538 • C, the microhardness difference between the HAZ and the unaffected substrate completely disappears, and both reach about 396 HV while the average microhardness in the heat-treated clad has slightly increased to about 521 HV instead. This increase in the microhardness of the clad might be ascribed to the fine carbide precipitation since the microhardness is less correlated with the amount of retained austenite (␥ ′ ) in the clad. For instance, when tempered at 316 • C, most of retained austenite in the clad has already been transformed into tempered martensite (␣ ′ ), however, its hardness remained almost unchanged. Moreover, it is also noted that the HAZ in the "as-clad" P20 specimen experienced an equivalent high-temperature tempering during cladding since its microhardness was almost as the same as that of the substrate subjected to a tempering at 538 • C.
For the current specimens with less amount of clad coverage, the SEM observation of the "as-clad" P20 and HAZ reveals that the clad exhibits refined dendrites while the HAZ in the substrate shows the presence of a large amount of carbide precipitates that again implies an occurrence of a severe self-tempering (Fig. 9a) . Tempered at 206 • C, the quenched martensite (␣) in the clad was still stable and the carbide precipitation in the martensitic matrix can barely be seen (Fig. 9b) . After tempered at a temperature from 316 to 538 • C, the quenched martensite in the clad was progressively transformed into medium-or high-tempered martensite (␣ ′ ) and fine carbides were gradually precipitated between the martensitic lathes ( Fig. 9c and d) but still retained the characteristics of the columnar dendritic structure in the clad (Fig. 9e) .
It is noted that the amount of retained austenite (␥ ′ ) and carbide precipitates significantly affect the sign and magnitude of the resultant residual stresses in the P20 clad. Tempering has successfully reduced the amount of retained austenite and induced carbide precipitation and as a result, for the P20 specimens with less amount of clad coverage, the magnitude and the sign of residual stresses in the clad were changed (Fig. 7) . When the relative volume fraction of retained austenite in the clad is 13-15 vol.%, the resultant residual stresses in the clad show biaxial tensile stresses. When tempered at a temperature from 316 to 538 • C, the relative volume fraction of retained austenite in the clad was significantly reduced and the resultant residual stresses in the clad changed to biaxial compressive stresses instead. For example, when tempered at 538 • C for 1 h, the relative volume fraction of retained austenite in the clad is less than 2 vol.%, and the resultant residual stresses ( L and T )i nt h e clad determined by the hole-drilling method are about −49 and −83 MPa, respectively.
Concluding remarks
Using laser cladding, crack-free and metallurgically sound AISI P20 tool steel clad has been produced without pre-heating. The preliminary experimental investigation on profiles of process-induced residual stresses across the thickness of the clad specimens has been carried out using neutron diffraction in combined with holedrilling method, microhardness measurement and microstructure analysis. Based on the studies, the following conclusions could be made:
• The microstructure in "as-clad" P20 material shows refined columnar dendritic structure that contains a large amount of martensite plus a small amount of retained austenite.
• The through-thickness profiles of residual stresses in the "asclad" P20 specimen with large clad coverage have been measured. The clad shows biaxial compressive stresses while the heataffected zone (HAZ) in the substrate reveals biaxial tensile stresses, and the rest of unaffected bulk substrate displays biaxial compressive stresses.
• The amount of clad coverage and the size of substrate affect the magnitude and sign of resultant residual stresses across the thickness of P20 clad specimens since the "as-clad" P20 specimens produced by the same laser processing parameters but with less amount of clad coverage onto the substrate, have showed tensile instead of compressive stresses in the clad.
• Post-cladding stress-relieving treatments (i.e., tempering) could significantly influence the magnitude and sign of resultant residual stresses in the clad, which is correlated with the changes in the volume fraction of retained austenite in the clad.
